Introduction
Vision loss from diseases such as age-related macular degeneration and glaucoma, the leading causes of irreversible blindness in the developed world, results from degeneration of retinal cells, including photoreceptors and ganglion cells.
1,2 At present, there are no effective means of restoring vision to patients with these diseases, although retinal cell replacement through transplantation has been investigated as a potential avenue to achieve this. [3] [4] [5] [6] [7] [8] [9] [10] [11] Human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) have been investigated in recent years as viable sources of retinal cells for transplantation. 5, 6, [10] [11] [12] Early results from clinical trials utilizing subretinal transplantation of hESCderived retinal pigmented epithelial (RPE) cells in patients with age-related macular degeneration (AMD) and Stargardt Macular Dystrophy have been reported. [13] [14] [15] While RPE supplementation might slow retinal degenerative processes, it is likely that restoration of visual function will also ultimately require replacement of cells in the neurosensory retina.
While there are a number reports on embryonic stem cell-derived transplants of retinal cells in animal models, [3] [4] [5] [6] [7] [8] [9] [10] [11] few studies have utilized human ESCderived retinal cells for subretinal transplantation. 5, 6, 11 A recent study reported the results of transplanted hESC-derived retinal sheets from a 3D culture system into two primate models of retinal degeneration. 10 However, there remain several questions regarding the optimal configuration of donor cells (cell suspension versus sheets), barriers to integration and donor cell function, and the role of immunosuppression for transplantation. 11, [16] [17] [18] [19] A recent report demonstrates the ability of transplanted murine neurons to form axons extending into the optic nerve head in the host mouse eye. 20 A similar phenomenon has yet to be demonstrated in a host primate eye.
In this pilot study of a single nonhuman primate, we investigate the feasibility of subretinal transplantation of hESC-derived retinal neurons into a healthy retina that more closely resembles the human eye. We sought to determine the survival, integration, and ability of human donor cells to elaborate axons in a nonimmunosuppressed Saimiri sciureus eye.
Methods Cell Culture and Retinal Induction
The H1 (WA01) hESC line was obtained from WiCell Research Institute. The cells were maintained in feeder-free conditions using TESR2 media (Stemcell Technologies, Vancouver, British Columbia, Canada) and Matrigel (BD Biosciences, Franklin Lakes, NJ). Retinal induction was performed as previously described. Briefly, embryoid bodies (EBs) were formed by treating undifferentiated hES colonies with dispase and type IV collagenase (Invitrogen, Grand Island, NY) and resuspended in approximately 150 100-cell clumps per milliliter in a six-well ultralow attachment plate (VWR, Radnor, PA). These EBs were cultured for 3 days in the presence of mouse noggin (R&D Systems, Minneapolis, MN), human recombinant Dkk-1 (R&D Systems), and human recombinant insulin-like growth factor-1 (IGF-1; R&D Systems). On the fourth day, EBs were plated onto each poly-D-lysine-Matrigel (Collaborative Research, Inc., Bedford, MA) coated plates and cultured in the presence of DMEM/F12, B-27 supplement, N-2 Supplement (Invitrogen), mouse noggin, human recombinant Dkk-1, human recombinant IGF-1, and human recombinant basic fibroblast growth factor (bFGF; R&D Systems). The media was changed every 2 to 3 days for up to 3 weeks. The differentiated cells were maintained in media containing DMEM/F12, N2 supplement, B27 Supplement, NEAA, and penicillin-streptomycin antibiotic. Prior to transplantation, the cells were treated with Notch inhibitor, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-Sphenylglycine t-butyl ester (DAPT) (Sigma-Aldrich, St. Louis, MO) at 20-lM concentration for up to 5 days in the above described media.
One week prior to transplantation, differentiated cells were transduced with lentiviruses driving eGFP under the EF1a promoter as previously described. Cells were infected by overnight incubation with virus containing media. Cells were washed with phosphate buffered saline (PBS) next day and media replaced. The media was replaced at least 3 times over the next 7 days prior to transplantation.
Virus Production and Infection
EF-1a-GFP lentivirus was generated using constructs provided by Charles Murry (University of Washington). Third-generation replication-incompetent lentivirus was made using the four-plasmid system. HEK-293 transfection was done using calcium phosphate precipitation and supernatant collected 48 to 72 hours later. The cleared supernatant was filtered through a 0.45-lm syringe filter, concentrated (Millipore Amicon filter, Millipore, Billerica, MA) aliquoted, and stored at À808C until use.
Real-Time Quantitative PCR (qPCR)
Total RNA was extracted from cultures using TriZol (Invitrogen) followed by chloroform extraction, DNase-1 (Qiagen, Waltham, MA) treatment followed by the Qiagen RNA mini cleanup kit. cDNA was reverse transcribed using Superscript II RT kit (Invitrogen) as per manufacturer's instructions. qPCR was performed for Hes5, Hes1, Pax6, Brn3b, and Recoverin using iTaq Universal Sybr Green (BioRad) performed on the DNA Engine Opticon2 System (Bio-Rad, Hercules, CA) according to the protocol below: cycle 1: 958C for 3 minutes, 1 repeat, cycle 2: 968C for 10 seconds and 598C for 60 seconds (data collection), 40 repeats; and results were normalized to b-actin levels. Results were normalized to b-actin levels. The following primer sequences were used: HES5-F: CTCAGCCCCAAAGAGAAAAA; HES5-R: GCTTAGCAGATCCTTGCTCCAT; HES1-F: ATGGAGAAAAATTCCTCGTCCC; HES1-R: TTCAGAGCATCCAAAATCAGTGT; PAX6-F: TCTAATCGAAGGGCCAAATG; PAX6-R: TGTGAGGGCTGTGTCTGTTC; BRN3B (POU4F2)-F: CTCGCTCGAAGCCTACTTTG; BRN3B (POU4F2)-R: GACGCGCACCACG TTTTTC; RCVRN-F: GCAGAGGTCCTATCCC ATGA; RCVRN-R: AGTCATTGGAGGTGAC ATCG; b-actin-F: AGGCACCAGGGGCGTGAT; and b-actin-R: GCCCACATAGGAATCCTTCTG AC. All of the primers were designed for an amplicon length of between 70 and 170 base pairs.
Subretinal Transplantation of Differentiated Cells
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Washington and conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The subretinal injection was performed by a vitreoretinal surgeon (T.R.K.) using a KDS model 210 syringe pump under a surgical microscope (Leica, Buffalo Grove, IL). A 0.5-cc luer lock syringe was connected to 30-gauge Teflon tubing (Hamilton 30TF double hub) with male luer lock adapters (Argon Med Devices, Plano, TX) at both ends, which was then connected to an iTRACK-275 microcatheter (iScience, Beaverton, OR). An optical fiber incorporated into the catheter for surgical illumination and guidance was connected to an iScience Interventional iLumin Fiberoptic Illuminator. All components were sterilized prior to use. The syringe and tubing were filled with sterile cell culture media to occupy the dead volume of approximately 180 lL. Immediately prior to injection, 300 lL differentiated retinal cells was withdrawn using the syringe pump at a rate of 100 lL/min.
The S. sciureus monkey was anesthetized using intramuscular injection of ketamine (15 mg/kg), intubated, and then maintained under gas anesthesia using sevoflurane. During the procedure, the monkey received 10 mg intramuscular (IM) ketoprofen and 25 mg intravenous (IV) cefazolin. The eye was dilated with two to three drops of 1% tropicamide and 1% atropine, and prepped with povidone iodine and draped in the usual sterile fashion. One corneal stay suture was placed, and the eye was rotated nasally. A temporal conjunctival peritomy was performed, and a radial sclerotomy was created 3 to 5 mm posterior to the limbus. A Sinskey hook was used to dissect the scleral fibers, and the Micro-Retractor (iScience Interventional/Ellex) was placed and sutured to the scleral surface. Using the ViscoDissection wiretip cannula to carefully inject Healon (Abbott Medical Optics, Abbott Park, IL) through the choroidal fibers, a small local anterior retinal detachment was created. The iTRACK-275 microcatheter was then inserted at a very low angle. With the aid of a macular viewing lens, the catheter was then guided through the subretinal space until the lighted tip was advanced into the macula. The subretinal injection was then performed, injecting 100 lL volume at a concentration of 10,000 retinal cells/lL. The maximum diameter of the ball end tip of the iTRACK-275 was 275 lm, and the shaft was 200 lm in outer diameter and 150 lm in inner diameter. This cannula diameter and speed of delivery did not adversely affect cell viability (data not shown). A macular retinal detachment was noted without obvious reflux at the anterior catheter insertion site. The catheter was carefully removed, and the scleral incision and conjunctiva were closed with interrupted 7-0 Vicryl sutures. Subconjunctival injections of 50 lL cefazolin (100mg/mL) and 50 lL decadron (10 mg/mL) were given.
Fundus Imaging
Fundus images were obtained using the RetCam II (Massie Laboratories, Pleasanton, CA). The primate was anesthetized for all exams, and the eye was dilated with two to three drops of 1% tropicamide and 1% atropine. Goniosol (hydroxypropyl methylcellulose) was placed between the RetCam lens and the corneal surface. Standard light conditions were used for color fundus images, and images for GFP visualization were taken under conditions used for fluorescein angiography. Indirect ophthalmoscopy with a 28-diopter lens was also performed at each time point.
Immunocytochemistry and Immunohistochemistry
Cells were fixed with 4% paraformaldehyde for 30 minutes. The eye was enucleated 2 months after surgery and processed for histology. The eye was fixed with 4% paraformaldehyde overnight. The anterior segment (cornea/lens) was removed and the eye cup incubated in a solution of 1:1 mixture of 30% sucrose and O.C.T (Tissue-TEK) at 48C overnight. The eye cup was then embedded in O.C.T. and 25-to 30-lm transverse sections were cut, placed on Superfrost Plus glass slides, and stored at À808C.
Cells and tissues sections were permeabilized with Triton-X100 and blocked with 5% donkey serum. Primary antibody staining was carried out overnight at 48C. Primary antibodies used include GFP ( 0 ,6-Diamidine-2 0 -phenylindole dihydrochloride (DAPI; Sigma-Aldrich) for 1 hour at room temperature, and cover-slipped with Fluoromount-G with DAPI. Images were taken using a Zeiss confocal microscope.
Results

Enhanced Differentiation of Retinal Progenitor Cells from hESCs into Retinal Neurons with Notch Inhibition
The H1 (WA01, WiCell Research Institute) hESC line was differentiated into retinal progenitor cells (RPCs) as described previously. 21 After 60 to 70 days of differentiation, 20 lM of DAPT was added to the culture for 5 days prior to the subretinal injection. Inhibition of Notch signaling by the addition of the csecretase inhibitor, DAPT, resulted in the flattening of neural rosettes along with decreased expression of retinal progenitor markers LHX2, PAX6, HES5, and HES1 as detected by immunofluorescence staining and qPCR (Figs. 1A, 1D ). There was a concomitant increase in the expression of TUJ1 (inner retinal neurons and cell processes), HU C/D (amacrine and RGCs), BRN3B (RGCs), and RCVRN (photoreceptors) expression (Figs. 1B, 1D ). Immunofluorescence staining also revealed retinal cells expressing both RCVRN and OTX2 (Fig. 1C, arrows) . Confocal microscopy images of differentiated retinal cells prior to injection were quantified for expression of RCVRN and OTX2, which demonstrated OTX2 + cells comprising 16.0% 6 4% (mean% 6 SEM) of the total DAPI þ cells, and Recoverin þ cells comprising 3.7% 6 5%. Consistent with previously published results, 22 there were a decreased number of mitotic cells as detected by phosphohistone 3 (PH3) staining (Fig. 1A) .
GFP
þ hESC-Derived Cells Are Identified in the Subretinal Space
One week prior to transplantation, hESC differentiated cells were transduced with lentiviruses expressing eGFP under control of the EF1a promoter. GFP þ hESC-derived retinal cells were harvested, and 1,000,000 cells in a 100-lL volume were introduced into the subretinal space. The subretinal injection was targeted to the superior macula using a lighted subretinal catheter via an ab externo technique (Fig. 2) . Color fundus images taken immediately postoperatively show a shallow subretinal fluid bleb in the macula (Fig. 3) . Additional imaging revealed GFP fluorescence in the corresponding area of the subretinal fluid bleb, indicating the presence of GFP þ cells in the subretinal space. A subretinal catheter track, presumably made by disruption of the RPE, was noted immediately postoperatively and was not observed at subsequent time points. There was likely some damage to the outer retina along the subretinal track, although no gross injury (e.g., retinal tear) to the neural retina at the time of surgery or postoperatively was observed. Post mortem histology did not reveal obvious retinal changes in the vicinity of the catheter track; however, specific histologic study of the catheter track was not performed. Upon examination with indirect ophthalmoscopy, the retina and RPE outside of the injection site and catheter track were normal, and no retinal tears or holes were noted in either the macula or periphery.
Survival of hESC-Derived RPCs in the Subretinal Space and Extension of Axonal Projections
At 4 weeks after the subretinal injection, a subretinal consolidation of GFP fluorescent cells was noted in the macula at the most inferior extent of the original subretinal bleb (Fig. 4A-A'' ). There appeared to be very shallow subretinal fluid surrounding the cell aggregation on examination by indirect ophthalmoscopy, although the fluid appeared to be resolved by 8 weeks postinjection. No retinal tears or holes were noted at any of the time points. At 8 weeks postinjection, we observed axonal projections emanating from the aggregation, with some extending toward the optic nerve (Fig. 4B-B'', arrow) . Additional and more robust projections were noted 3 months postinjection (Fig. 4C-C'' ). Although the axonal projections emanated in all directions from the cell aggregation at the early time points, at 3 months, increasing number of GFP þ axons followed the route of the typical anatomy of the nerve fiber layer (NFL) toward the optic nerve (Fig. 4C', arrow) .
Although it was not possible to precisely measure the size of the subretinal aggregate over the 12-week time period in the absence of longitudinal optical coherence tomography (OCT) imaging, there did appear to be a slight increase in the size of the fluorescent subretinal aggregate relative to the optic nerve over the 12-week time period in the RetCam images. This could either be due to some limited proliferation of the cells early after subretinal transplantation or tangential spread of cells from the subretinal cell aggregate over time. There was no evidence of gross anterior segment inflammation or vitritis by indirect ophthalmoscopy at postinjection time points.
Transplanted Cells Migrate into Inner Retinal Cell Layers and Extend Axonal Projections into the Optic Nerve
Histology of the retina 3 months postinjection showed some GFP þ cells located in the ganglion cell layer (GCL; Fig. 5A , arrow) and inner nuclear layer (Fig. 5A, arrowhead) . The subretinal aggregate of cells comprised cells with varying levels of GFP expression, and immunostaining of the subretinal aggregate revealed few rare Ki-67 þ cells (Fig. 5B,  arrow) . Similar results were obtained with PH3 staining (data not shown). In the host retina, axonal projections detected by GFP fluorescence were noted to extend along the inner plexiform layer, NFL, and to a lesser extent, the GCL (Figs. 5A, 5C ). Interestingly, GFP fluorescence in axonal projections were noted at the optic nerve head (Fig. 5C, inset and 5D , arrow) and were detected at the most distal extent of the retrolaminar optic nerve of the enucleated globe (~1.5 mm; Fig. 5D-D'') . GFP þ cells and axonal extensions were examined for expression of a human-specific cytoplasmic marker, STEM121. 10 GFP þ cells and axonal exten- sions co-labeled with the human marker; however, we observed that some human marker positive axons were not GFP þ (Fig. 6A , closed arrowhead and arrow). This finding is consistent with our method of lentiviral-mediated transduction of GFP, where the majority but not every donor cell was labeled with GFP prior to subretinal transplantation. Some of the GFP þ axonal projections extended along the host NFL (Figs. 6A, 6B ), although some GFP þ axonal extensions clearly did not conform to the normal host anatomy (Fig. 6A, open arrowhead, and 6C, arrows) . TUJ1 staining in the S. sciureus host retina was most prominent in the optic nerve, NFL, and GCL, with decreasing signal through the inner nuclear and outer plexiform layers (Figs. 6B'', 6C'' ). Co-expression of GFP þ /STEM121 þ axons with TUJ1 was evident in the NFL (Figs. 6B'-B''' ), although TUJ1 labeling of the GFP þ /STEM121 þ donor axons was most evident in the OPL where there was comparatively lower levels of TUJ1 immunolabeling in the host retina (Figs. 6C-C''' ). We found occasional GFP þ cells, colabeled with the human-specific marker, located in the host GCL with axonal projections along the NFL (Figs. 6D-D'' ). Additional retinal markers were examined by immunohistochemistry for co-labeling with GFP þ cells. HU C/D weakly co-labeled with some GFP þ donor cells, but there was no obvious colabeling with OTX2, RCVRN, or S-Opsin (data not shown).
Discussion
This study demonstrates that hESC-derived retinal neurons injected into the subretinal space of a squirrel monkey (S. sciureus) eye have the potential to survive at least 3 months. Transplanted cells migrated into the inner nuclear layers, and in vivo imaging revealed the time course of axonal projections extending into the host retina, optic nerve head, and retrolaminar optic nerve.
The hESC-retinal cells used in this study were differentiated for 70 to 80 days in culture prior to transplantation, as previously published.
5, 21 Nelson et al. 23 first demonstrated that exposure to the csecretase inhibitor, DAPT, at an early RPC stage causes a coordinated differentiation resulting in the production of developmental stage-appropriate retinal cell types. DAPT treatment also results in a decrease in the number of mitotic cells and an increase in Crx þ photoreceptor precursors and ganglion cells. 22, 24, 25 Consistent with this, we found that DAPT exposure for a period of 5 days, immediately prior to subretinal transplantation, led to a decrease in the number of mitotic RPCs and increased expression of ganglion cell and photoreceptor markers.
We observed vertical migration of some transplanted cells from the subretinal space into inner layers of the retina. Notably, this occurred in a nondiseased primate retina with intact outer retinal layers and outer limiting membrane. Most previous transplantation studies into rodent models, including those published by our lab, and those utilizing a damaged primate retina substrate, have not observed significant integration into the inner retina. The observation of vertical integration through the retina in our study may be the result of species differences in the barriers to cellular integration, cell preparation (suspension versus sheets), or intact versus damaged primate retina.
Prior attempts at transplanting human Müller-derived retinal ganglion cells (RGCs) either alone or on scaffolds onto the inner retinal surface demonstrated their ability to integrate into the GCL of immune-suppressed rat and feline models of RGC depletion but did not demonstrate any ability to form axonal extensions. 26, 27 Further, while hESC-derived retinal cells injected into the epiretinal space in another study demonstrated limited integration into the GCL, no axonal projections were observed into the optic nerve. 11 In the only other primate transplantation study to use hESC-derived cells, the grafted cells demonstrated the ability to integrate into the outer retinal layers in the damaged primate eye, but again there were no observable axonal projections through the retina. 10 Recently, primary murine RGCs were shown to have the ability to integrate and extend processes into the optic nerve and lateral geniculate nucleus after intravitreal injection into the murine eye. 20 Similar to these findings in the murine eye, small GFP þ axonal projections from hESC-derived donor cells were noted on initial fundus photography at 1 month postinjection in our primate model. At later time points, the GFP þ projections extended further radially from the subretinal cell mass and some altered course to extend along arcuate nerve fiber bundles within the host retinal NFL toward the optic disc. A subset of GFP þ projections extended into the optic disc in the inner circumference of the neuroretinal rim of the optic disc, consistent with the pattern of host axonal projections originating form the central macula. 28 GFP þ axons were detected at approximately 2 mm beyond the lamina cribrosa, the most distal extent of the optic nerve available for study on histopathology in our study animal. The ability of hESC-derived cells to project extensions through various retinal layers, including the NFL, and into the optic nerve suggests that donor cells may have the ability to integrate into host retinal and central nervous system circuitry. If so, replacement of RGCs lost in diseases such as glaucoma may ultimately be possible.
Recent studies have highlighted the importance of major histocompatibility complex (MHC) matching and immune suppression to the success of RPE and photoreceptor survival after transplantation in murine models. 8, 19, [29] [30] [31] Subretinal transplantation of iPSC-derived RPE allografts into MHC-matched adult cynomolgus monkeys without immunosuppression did not result in any signs of rejection, whereas MHC-mismatched recipients demonstrated signs of inflammation and retinal tissue damage around graft sites. 32 Photoreceptor survival was significantly improved with suppression of the T cell-mediated immune response in murine models at 3 months posttransplantation. 8 A more recent study demonstrates that photoreceptor integration is improved in IL2rc-deficient mice compared to immunocompetent controls, with functional visual restoration persisting up to 9 months posttransplantation. 19 Despite the integration of some retinal cells into the host retina in our study, we did not observe integration of any photoreceptor cells into the host retina or in the subretinal space at 12 weeks posttransplantation. This may be due to the relatively few photoreceptors present in the donor cell population; however, based on recent studies, it is also possible that the lack of immune suppression in the recipient inhibited photoreceptor cell survival. While we did not detect any physical exam findings of inflammation posttransplantation, immunohistochemical staining for host immune markers in the retina was limited by the scarcity of available S. sciureus primary antibodies.
Donor cells were transduced with lentiviruses expressing eGFP in order to identify them in posttransplantation studies. The lentivirus-containing media was removed from the donor cells and changed multiple times in the week prior to the subretinal injection surgery. While it is possible that residual lentiviruses could have labeled host retinal cells, 33 this is less likely due to our observation that all of the GFP þ cells we observed were also STEM121 þ (human-specific cytoplasmic marker). We did observe, however, that not all STEM121 þ cells were GFP þ . This is likely due to limitations in lentiviral transduction efficiency. Separately, recent studies have reported evidence of material transfer from transplanted donor photoreceptors to recipient retinas. [34] [35] [36] Both GFP and the enzyme Cre recombinase were reported to transfer from donor to host photoreceptors in murine retinas. Because STEM121 is also a cytoplasmic protein, we cannot completely rule out the role of material transfer to the host retina in our study. However, it is notable that many of the GFP þ /STEM121 þ cells found posttransplantation extended axons both in the host NFL, as well as nonanatomical projections through the inner plexiform layer and GCL, making it more likely that these were from donor rather than host cells.
We chose to use an ab externo surgical technique in order to minimize both intraocular surgical manipulation with a pars plana vitrectomy and to minimize the reflux of transplanted cells into the vitreous cavity through the retinotomy that is observed in larger eyes after subretinal injections.
37,38 The lighted fiberoptic tip allowed for targeting of the area for the subretinal injection, and the submacular detachment was achieved without any obvious trauma to the overlying retina. We also did not observe any obvious reflux at the choroidal entry site. A subretinal track as evidenced by a hypopigmented line through the RPE was noted from the periphery to the targeted retina after the procedure; however, the track was not observed on fundus exam at 1 month after the injection. Finally, there was no evidence of cataract formation, intraretinal hemorrhage, vitreous hemorrhage, rhegmatogenous retinal detachment, or proliferative vitreoretinopathy at any point after the procedure. While this surgical approach can be considered in human patients, our transplanted cells appeared to consolidate at the most inferior extent of the localized retinal detachment in a gravity-dependent manner. Future studies will need to account for this either by decreasing the total number of donor cells or restricting positioning during the postoperative period prior to resolution of the subretinal fluid. An alternative to avoid this is transplantation of retinal sheets, 10 although this appears to require a substantially more invasive procedure involving a pars plana vitrectomy, retinal incision, air/fluid exchange, and silicone oil placement.
To date, two nonhuman primate studies involving subretinal injections of human stem cell derived cells have been reported. 10, 37 In our pilot experiment, human ES cell-derived retinal neurons injected into the subretinal space of a squirrel monkey (S. sciureus) survived at least 3 months postinjection without immunosuppression. While there was no obvious photoreceptor integration, in vivo imaging revealed a time course whereby donor cells extended axonal projections into the host retina and optic nerve over a period of 3 months. Further questions to be answered include the best surgical approach, donor cell configuration and dose, and need for immunosuppression. Primate eyes have the advantage of being similar in structure to the human eye, including a macula and fovea. Both prior studies used either topical or systemic immunosuppression, but our study indicates that immunosuppression may not be necessary for the survival of donor cells in the subretinal space. 
